All detectable high-molecular-mass penicillin-binding proteins (HMM PBPs) are altered in a clinical isolate of Streptococcus mitis for which the ␤-lactam MICs are increased from those previously reported in our region (cefotaxime MIC, 64 g/ml). These proteins were hardly detected at concentrations that saturate all PBPs in clinical isolates and showed, after densitometric analysis, 50-fold-lower radiotracer binding. Resistance was related to mosaic structure in all HMM PBP-coding genes, where critical region replacement was complemented not only by substitutions already reported for the closely related Streptococcus pneumoniae but also by other specific replacements that are presumably close to the active-site serine. Mosaic structure was also presumed in a pbp1a-sensitive strain used for comparison, confirming that these structures do not unambiguously imply, by themselves, detectable critical changes in the kinetic properties of these proteins.
Although viridans streptococci are recognized as a common cause of endocarditis (4, 9, 25) and are an increasingly reported cause of bacteremia in neutropenic patients (2, 3, 5, 19, 25) , the scientific community has lacked a clear delineation of the pathogenic potential of individual species for viridans streptococci, probably due to past and present difficulties in their taxonomy and identification (7, 25, 45, 51, 52) .
However, a rising incidence of ␤-lactam resistance in clinical isolates of this group has often compromised patient survival (4, 5, 8, 19, 30, 49) , while occurrence of pneumococcal virulence factor-encoding genes within them may imply that their true pathogenic potential should be reevaluated (51) .
Interspecies gene transfer of a variety of resistance markers between different but closely related streptococcal species, all of them naturally transformable and included in the mitis group, is well documented (6, 10, 12, 13, 22) . Frequently the result of this interspecific recombination is mosaic genes, composed of alternating blocks of nucleotides with different degrees of relatedness derived from a particular donor, which in turn may have been affected by the same event. The recipient may encode a protein with altered catalytic and/or immunological activity (21) .
PBPs (penicillin-binding proteins), the ␤-lactam bacterial targets, are ubiquitous enzymes involved in late steps of peptidoglycan biosynthesis, a bacterium-specific pathway. These proteins include the monofunctional DD-carboxypeptidases, which are not essential for viability, low-molecular-mass PBPs, and multidomain, generally essential, high-molecular-mass (HMM) PBPs, in which a transmembrane spanner is linked to a non-PB module, which in turn is linked to the amino end of a PB module. It is assumed that all PBPs retain the same basic tertiary structure in their PB module, with three conserved motives forming the catalytic center: *SxxK, SxN, and KTG (x denotes a variable amino acid residue). Each organism contains a complete set of these enzymes, which are all targeted by ␤-lactams. PBPs interact with the antibiotic by forming a relatively stable, covalent complex via the active-site serine (15) (16) (17) .
␤-Lactam resistance in clinically important viridans streptococci is mostly mediated by the presence of mosaic PBP genes encoding altered PBPs with decreased affinity to antibiotics (11, 12, 30) . Higher concentrations of drugs are thus both required to inhibit altered PBPs and to confer in vivo activity.
During 1994, a resistant strain (penicillin MIC, 16 g/ml; cefotaxime MIC, 64 g/ml) tentatively identified as Streptococcus mitis by biochemical methods, which formerly was misidentified as Streptococcus pneumoniae, was isolated in an Argentinian pediatric hospital. The misidentification was related to phenotypic characteristics (colony morphology, Gram stain, hemolytic pattern, and optochin sensitivity). Such resistance levels had never been reported before for any member of the mitis group in our area.
The aim of this work was to investigate and describe the mechanism of resistance responsible for these high MICs.
All experiments were performed simultaneously with another clinical isolate which was biochemically identical but sensitive.
In order to solve any biochemical pitfall in the identification of both isolates, a more reliable genetic identification was attempted by sequencing the gene coding for 16S rRNA and the manganese-dependent superoxide dismutase (sodA).
Their PBP pattern, relative affinity, and codifying genes, as well as their deduced amino acid sequences, were analyzed.
Comparative analysis of PBP amino acid sequences coming from sensitive and resistant strains of S. mitis was done to search for particular amino acid alterations present in resistant strains of this species.
Although the participation of S. mitis in homologous recombination events leading to mosaic genes in pneumococci is well documented (11, 13, 22) , reports of PBP patterns and PBP genes of sensitive and resistant strains of S. mitis are still rare. They are rare even when the appearance and spread of S. mitis clinical isolates resistant to penicillin are a serious problem, not only in areas where penicillin-resistant S. pneumoniae is common but also in those with a low incidence of resistant pneumococci (8, 19, 26, 30, 46) .
(Part of this work was presented at the 100th General Meeting of the American Society for Microbiology, Los Angeles, Calif., May 2000.) rotor (Beckman RT ultracentrifuge). The pellet obtained was resuspended in a minimum volume of 40 mM phosphate, 1 mM MgCl 2 , pH 7.0, and 5% glycerol buffer and was conserved at Ϫ20°C until use. All steps were performed at 4°C. Protein concentrations were determined by a modification of the method pioneered by Lowry (1) .
Detection of PBPs. Membrane samples containing approximately 200 g of protein were labeled with the indicated concentrations of 125 I-penicillin X (38) and were incubated for 15 min at 37°C. The reaction was stopped by adding an excess of nonradiolabeled antibiotic and by chilling on ice. Denaturing buffer (0.25 M Tris-HCl, 8% sodium dodecyl sulfate, 20% ␤-mercaptoethanol, 0.008% bromophenol blue, and 50% glycerol) was added, and the samples were immediately boiled for 5 min and centrifuged for 2 min at 14,000 rpm (Bench Eppendorf microcentrifuge).
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 20-cm-long gels. The final acrylamide concentration of the separation gel was 7% with an acrylamide/bisacrylamide ratio of 29.2:0.8. PBPs were visualized after 10 days' exposure at Ϫ20°C of an X-Omat Kodak film.
Amplification and sequencing of PBP genes.The genes homologous to pneumococcal pbp2x and pbp2b from 127R and 209S were amplified with 2XUP and 2XDW primers (32) (corresponding to a region of the pneumococcal pbpX gene including motives 2 to 7 of class B HMM PBPs) and with 2BUP and 2BDW primers (14) (corresponding to a region coding for the transpeptidase domain). The amplified DNA fragments were purified from agarose with the Gene Clean II purification kit. Their ends were filled with T4 DNA polymerase. The fragments were then phosphorylated with T4 DNA kinase (Pharmacia Biotech), repurified, and cloned into SmaI/BAP pUC18 (Pharmacia Biotech). DNA sequences were determined in two clones, with oligonucleotides that primed at intervals along each strand of the sequence.
Only a small portion of the gene homologous to pneumococcal pbp1a could be amplified after several PCR attempts with published primers. A fragment of 0.8 kb could be obtained with primers 1AUp 786 (5Ј-CGGCATTCGATTTGAT TCGCTTCT-3Ј) (36) and 1A2Dw 1598 (5Ј-GGGTCATATTGGTTTGGTGC-3Ј) (37) . Based on the known fragment sequence, the LA PCR cloning kit (Takara Shuzo Co., Kyoto, Japan) was used following the manufacturer's instructions. Briefly, after preliminary previous hybridization experiments using the 0.8-kb fragment as the probe, genomic DNA was completely digested with PstI and was ligated with a PstI cassette (a double-stranded, synthetic oligonucleotide provided with the kit) and the corresponding PstI restriction site. A first PCR with this ligation as DNA matrix was performed by using a cassette primer (provided with the kit) and primer 1AS1 (5Ј-CGAACTGATTGCTGACCTTGGATCTG AAC-3Ј), the design of which was based upon the known external region of 0.8 kb. A second PCR was performed after dilution of the first PCR product by using a second inner cassette primer (provided) and primer 1AS2 (5Ј-ACTTGGTCA AGGCAATTGTGTCTATCGAAG-3Ј), the design of which was based on the inner 0.8 kb (an already-known region). A unique band of 2.4 kb was obtained, cloned into pUC18, and sequenced as noted above.
Nucleotide sequence accession number. The EMBL database accession numbers for each gene are given for 127R and 209S, respectively: 16S rRNA gene, AJ295848 and AJ295853; sodA, AJ295849 and AJ295854; pen2X, AJ295850 and AJ295855; pen2b, AJ295851 and AJ295857; pen1a, AJ295852 and AJ295856.
RESULTS
Amplification and sequencing of the 16S rRNA gene. Single bands of 1.5 kb were obtained for both strains. Their nucleotide sequence had 99% identity with homologous genes of S. mitis (GenBank accession no. D38482) (27) Amplification and sequencing of the sodA gene. Searching for a more discriminative target sequence to differentiate our strains from closely related bacterial species, we amplified by PCR an internal fragment of the sodA gene, obtaining a single product of 0.45 kb. Nucleotide sequences from 127R and 209S showed 97% identity with the homologous gene of S. mitis NCTC 12261 (GenBank accession no. Z95909) (40) and 94% identity with those of S. pneumoniae (GenBank accession no. 95914) (40) and S. oralis (GenBank accession no. Z99195) (40) . In all cases and for both strains, only 2 of 143 amino acids changed in the analyzed fragment; showing 98% similarity to the S. mitis protein, 97% similarity to the corresponding pneumococcal protein, and 96% similarity to that of S. oralis. sodA from S. sanguinis ATCC 10556 (GenBank accession no. Z95918) (40) was 82% identical. Alignment of 127R and 209S sequences revealed a 97% identity, pointing out that the sodA heterogeneity was higher than in the 16S rRNA. Nevertheless, this identity confirms that both strains belong to the same bacterial species.
Antimicrobial susceptibility. MICs of the various ␤-lactams tested, including early-and later-generation cephalosporins (Table 1) showed high-level resistance in 127R, with values far above those reported for this group of microorganisms. No correlation between chemical structure and MICs could be detected, suggesting that more than one PBP should be altered.
This strain also showed, by agar diffusion tests, resistance to erythromycin, rifampin, chloramphenicol, and trimetoprimsulfamethoxazole.
PBP pattern in sensitive and resistant strains. When PBPs were labeled with 125 I-penicillin at concentrations that usually saturate PBPs of penicillin-resistant S. pneumoniae (23) , three HMM PBPs and one low-molecular-mass PBP could be detected in both strains, but they did not show identical electrophoretic mobility (Fig. 1) .
At a concentration that could saturate all the PBPs in the sensitive strain ( 125 I-penicillin X, 0.25 g/ml), HMM PBPs in the resistant strain were hardly visualized and showed, by means of densitometry, an almost 50-fold-lower binding capacity of the radiotracer (data not shown). Several PBPs are present at the same positions in S. mitis NCTC 10712 and S. pneumoniae R6 as well (30) , but the relationship to these proteins is not known.
HMM PBP genes in sensitive and resistant strains. The unusually high resistance levels measured for strain 127R and the fact that all the HMM PBPs of this strain showed a lower affinity than did those of the sensitive strain suggested that sequences of the PBP-encoding genes could give some insights about changes probably responsible for sensitivity alterations. Portions of the genes homologous to pbp2x and pbp2b of S. pneumoniae could be amplified with primers designed according to known sequences of penicillin-sensitive and -resistant S. pneumoniae strains. In the case of the pbp1a homologous genes, a different strategy was followed, as described in Materials and Methods.
pbp2x. In the resistant strain, this gene had a mosaic structure. When compared with the homologous gene of S. mitis NCTC 10712 (the type strain for the species; sensitive) (46) the C-and N-terminal coding portions (positions 1 to 400 and 1600 to 2000, respectively) showed 95% identity but diverged by 20% between positions 400 and 1000 and also between 1200 and 1600, with a short region of 90% identity between positions 1000 and 1200. Furthermore, the block between positions 540 and 780 had almost the same sequence as that of a penicillin-resistant S. pneumoniae mutant (GenBank accession no. X65132) (34) , with 98% identity. At the C-terminal end encoding sequence, another 400-bp block, which started at position 1620, was identical (99% identity) to that of a highly penicillin-resistant S. pneumoniae isolate (GenBank accession no. U87092) (53) . Another short sequence between positions 1260 and 1500 showed 98% identity with a penicillin-resistant strain of S. mitis (GenBank accession no. Y10535) (42) .
pbp2x from 209S was 91% identical to the homologous gene of S. mitis NCTC 10712 (46) without any evidence of mosaic structure pbp2b. For this gene, the portion coding for the complete C-terminal transpeptidase domain was amplified. In 127R it also showed a mosaic structure. When compared to pbp2b of S. mitis NCTC 10712 (13) , only a small portion of the gene, between positions 960 and 1260, showed 98% identity. The first 350-bp block diverged by 5% from that of the sensitive type strain, and blocks from positions 350 to 960 and 1260 to 1500 differed by 17 and 21%, respectively. In addition, the first block (positions 1 to 350) also showed similar percentages of identity with those of several genes of penicillin-resistant clinical isolates of S. pneumoniae (GenBank accession nos. U20076 and U20074) (46) and of a recently described (22) , highly cefotaxime-resistant clinical isolate of S. mitis (GenBank accession no. AJ002289). Between positions 350 and 660 several homologous genes of penicillin-resistant S. pneumoniae strains showed 94 to 96% identity. Two blocks of 300 bases (positions 660 to 960 and 1200 to 1500) showed no divergence with those of penicillin-resistant isolates of S. pneumoniae (GenBank accession no. Z21981) (6) and S. oralis (GenBank accession no. M32228) (11) .
pbp2b from 209S is 94% identical to the homologous gene of S. mitis NCTC 10712 (13) , showing no evident mosaic structure.
pbp1a. For this gene, we encountered several difficulties in the sequence analysis. First, the number of sequences available in data banks was quite low compared to those for other PBP genes, probably because PBP1A is not the primarily affected ␤-lactam target in clinical isolates (18) . Only a few sensitive genes belonging to S. pneumoniae were available for comparison. Furthermore, to our knowledge, only a portion of a highly cefotaxime-resistant S. mitis was recently sequenced. However, analysis of both sensitive and resistant genes strongly suggests that intragenic recombination events may have occurred, since polymorphism distribution was not at random. When compared with homologous genes of S. pneumoniae, a very closely related species, blocks with clearly different rates of divergence could be detected in both resistant and sensitive genes as well.
Amino acid changes in resistant PBPs. The deduced amino acid sequences were analyzed and aligned with homologous sequences of sensitive and resistant S. mitis strains ( Table 2 ). Although changes already described to be involved in penicillin and cefotaxime resistance in S. pneumoniae were also found in 127R, a few extra amino acid changes highlight new interesting positions near the active site of the enzyme that are likely to lead to changes in the affinity of the PBP (Fig. 2) .
PBP2X. For this protein sequence, alignments from resistant isolates of S. mitis showed that immediately after the active S 337 , T 338 was changed to P, A, or G. In S. pneumoniae these changes reduced the acylation efficiency of the enzyme by cefotaxime (39) (T to A) and by penicillins (T to P or G). These changes were frequently found in clinical isolates with unusually high levels of ␤-lactam resistance (33, 34) . Accordingly, strain 127R showed the T-to-P change, but strain 209S possessed the same T residue as the type strain. Other resistant S. mitis PBP2X analyzed also showed changes from T 338 to P, A, or G, but no correlation could be established with the resistance level for any particular amino acid change. In all resistant S. mitis strains, between the conserved SxxK and SxN motives, I 371 changed to T and downstream the conserved SxN motif I 398 replaced V, as observed in S. pneumoniae mutants (33) . In addition, we found substitutions at positions 510, 523, 531, 535, 538, and 574 in all resistant S. mitis strains, not previously reported, which could point out interesting positions influencing the affinity of the PBP.
On the other hand, as opposed to changes described for resistant pneumococci (22, 34, 46) , positions 571 and 586 were not changed in resistant strains of S. mitis.
PBP2B. In resistant S. mitis strains we found the T 446 -to-A and A 619 -to-G changes described previously in penicillin-resistant pneumococci and supposedly responsible for low-level penicillin resistance, lower lysis rate, and piperacillin resistance as well (18, 21, 24, 47) . However, alignments showed additional substitutions, which were present only in resistant S. mitis strains. Upstream of the SxN motif, N 421 was changed to Y and Q 426 to L. Downstream of the SxN motif, the following modifications were observed: S 472 to T, S 489 to A, I 502 to V, N 507 to S, G 594 to T, A 596 to P, N 605 to D, A 608 to T, and finally, just behind the KxG triad, A 618 to G. In the C-terminal portion of the protein, SD 640 and NG 659 were replaced by TE and KN, respectively.
PBP1A. For this protein, the alignment includes only the sequences obtained from 127R and 209S and a partial sequence belonging to a S. mitis clinical isolate, highly resistant to cefotaxime, from Germany (22) . Analyzing the PB domain of PBP1A of the resistant strains, we found that at position 358, an I changed to T in the resistant strains. Several additional substitutions were also observed in the resistant strains: V 306 was changed to I, immediately after the active S 370 ; T 371 was changed to S, SIVH 395 to YMLK; D 405 to N and L 425 to I; N 438 to E; V 443 to D; N 455 to D; SIH 460 to TMV; Q 475 to K; E 512 to S; A 518 to Q; AY 541 to YS; and finally, LP 550 to IS 6 residues upstream of the KTG conserved motif. Part of the amino acid changes is present in positions already described for this and other PBPs in resistant pneumococci, but we also detected other alterations in positions not previously described. Figure 2 depicts alignments.
DISCUSSION
The extensive and relatively rapid changes that have taken place in the classification of the oral streptococci and the increase in the number of species recognized in this group of bacteria have not been accompanied by the development of comprehensive species identification schemes for the ordinary laboratory (28, 29, 45, 52) . However, striking species-specific variations in susceptibility, especially to ␤-lactams, are evident from different studies (3, 19, 41, 49) , suggesting that speciation of oral streptococci must be warranted in order to evaluate results reported by different studies. Up to date, no single phenotypic or genotypic approach has demonstrated by itself its universal usefulness (28, 29, 52) . Intraspecies heterogeneity and both lack of biochemical activity and genetic exchange between different species have contributed to this scenario.
The identification of our strains could be achieved only when biochemical and genetic results were taken together. Even considered as a "gold standard" for several purposes, establishment of the complete coding sequence for the 16S rRNA did not allow us to differentiate among S. mitis, S. sanguinis, S. oralis, and S. pneumoniae species, since they showed 99% identity in this gene (they differ by only 10 to 12 nucleotides). We concluded, thus, that the 16S rRNA sequence could not be applied unambiguously to the identification of this group of microorganisms.
Analysis of partial sequence of sodA has been proposed as a reliable and accurate method for members of the mitis group (28, 40) . Kawamura et al. indicated that the evolutionary rate of the sodA partial gene was much higher than that of the 16S rRNA gene and that the sodA partial sequencing would be useful for differentiating closely genetically related organisms (28) . In our case, sequences indicated that a higher interspecies heterogeneity than in the 16S rRNA could exist in this gene, but the identity with S. pneumoniae and S. oralis remained high (up to 95%).
The difficulties encountered for the identification of our strains could be due, in part, to the genetic exchanges that they have undergone. Further efforts should be made to improve the available methods or to find new powerful approaches in order to identify oral streptococci and particularly those of the mitis group, which, because of genetic exchange, seem to constitute a complex mosaic group more than clearly separated entities (12, 45) . When studying an isolate of this group of organisms, and before defining the species, all available biochemical and genetic features must be examined and analyzed as a whole.
The ␤-lactam MICs determined for strain 127R are extremely high for this group of microorganisms, which are usually susceptible to penicillin concentrations as low as a few nanograms per milliliter. Such MICs, at least in pneumococci, could only be reached when more than one ␤-lactam target is altered (21, 22, 24) . In the resistant strain all the HMM PBPs (detected with a radiotracer with a high specific activity) showed a much lower binding of the radioactive antibiotic than did those of the sensitive strain, indicating that they all had a reduced affinity for penicillin. Precompetition with other non- Since all of the ␤-lactam targets had altered affinity, higher concentrations of drugs are thus required to inhibit these enzymes. In 127R the sequences of the HMM PBP-encoding genes display a mosaic structure, with blocks diverging up to 20% from the sensitive homologous genes.
However, this feature does not seem to be restricted to the resistant phenotype: a mosaic structure could be inferred when analyzing pbp1a from the sensitive strain 209S. Sibold et al. and Dowson et al. described this phenomenon earlier in PBP2B genes of penicillin-sensitive S. mitis (13, 46) , as did Spratt et al. for penicillin-sensitive isolates of Neisseria lactamica and Neisseria polisaccharea (48) , but mosaic genes, even coding for primarily affected ␤-lactam targets, have no selective advantage for penicillin resistance. The observation that, in pneumococci, mosaic genes are found only in penicillin-resistant isolates but not in penicillin-sensitive strains (24) seems not to be the case for S. mitis. In this species, genes displaying mosaic structures do not unequivocally code for proteins with detectable reduced affinity, and the same could be true also for pneumococci, considering that most of the analyzed PBP genes come from resistant strains. Nevertheless, PBP1A is not a primarily affected target in resistant pneumococci (18, 31) , as it presumably is in the mitis group. Consequently, it can be expected that alterations in kinetic properties in this protein, if present, should not be by themselves responsible for changes in susceptibility.
With those results, we assume that precise amino acid changes should simultaneously be present along with a mosaic structure, at least in primarily affected ␤-lactam targets (PBP2B and PBP2X), to yield highly resistant isolates. Protein sequence alignments showed that the amino acid changes found in resistant isolates are not present in sensitive strains, so both mosaic structures and amino acid changes seem to be indispensable for ␤-lactam resistance in the viridans streptococci.
Furthermore, the amino acid changes that we found after protein alignment occur at positions common to all the analyzed PBPs. A few additional substitutions are seen in all resistant strains. They were not reported before in the closely related pneumococci; perhaps they could be pointing out interesting positions leading to reduced affinity of each PBP. Most of these modifications are probably responsible for increasing MICs. Those for example in the vicinity of the cavity forming the active site of the PBPs could be important for the interaction of the antibiotic with the enzyme. More information about the three-dimensional structure of these proteins is needed to validate these observations.
Further studies should be encouraged to enlarge our knowledge about particular resistance mechanisms in this species, since reports of resistant isolates are rapidly increasing. Perhaps most important is the fact that these resistant strains constitute a potential pool of genes for the development of high-level ␤-lactam resistance in S. pneumoniae strains and other pathogens of the mitis group, in which genetic competence has provided a powerful tool for the uptake and incorporation of resistance determinants.
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